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bstract

Raspberry mosaic is one of the most important viral diseases of raspberry. Four virus and virus-like agents, two of which are poorly characterized,
ave been implicated in the disease complex based on symptom development in Rubus indicators. Three novel viruses were identified in a red
aspberry plant that caused typical raspberry mosaic symptoms when grafted onto indicators. This communication focuses on one of these viruses,
aspberry mottle virus (RMoV), a new member of the family Closteroviridae. The complete nucleotide sequence of RMoV has been determined
nd exceeds 17 kilobases encoding 10 genes. The genome organization of RMoV is similar to that of Beet yellows virus, the type member of the

losterovirus genus, and phylogenetic analysis using the polymerase conserved motifs and the heat shock protein 70 homolog revealed a close

elationship of RMoV with Strawberry chlorotic fleck associated virus and Citrus tristeza virus, which suggests the possibility of an aphid vector.
he virus was detected in symptomatic raspberry plants in production areas in mixed infections with several other viruses, indicating that RMoV
ay impact raspberry production.
2007 Elsevier B.V. All rights reserved.
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. Introduction

More than 40 virus and virus-like agents infect Rubus
pp. (raspberry and blackberry) worldwide (Converse, 1987b;
algren et al., 2007; Jones et al., 2006; Martin et al., 2004;
zanetakis and Martin, 2004), many of which cause signifi-
ant yield losses (Strik and Martin, 2003; Halgren et al., 2007).
nlike viruses causing symptoms and devastating diseases, there

re several that remain latent and cause symptoms only when
ound in complexes with other viruses and graft-transmissible
gents (Jones, 1980, 1982), making their impact on yield and
ruit quality difficult to determine. Detection of viruses lacking
erological or nucleic acid based methods is achieved by grafting
uspect material onto indicator plants.

The USDA-ARS Horticultural Crops Research Laboratory

HCRL) in Corvallis, Oregon, maintains a collection of Rubus
ccessions for breeding purposes, and graft indexing is per-
ormed routinely on these plants for identification of pathogens.

∗ Corresponding author. Tel.: +1 541 7384041; fax: +1 541 7384025.
E-mail address: yannis@orst.edu (I.E. Tzanetakis).
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ne symptomless red raspberry accession, ‘Glen Clova’ #8
GC-8), that originated in Scotland and is maintained in an
nsect-free screenhouse, caused severe symptoms including leaf

ottling, epinasty and apical necrosis when grafted onto black
aspberry (R. occidentalis) ‘Munger’ indicators demonstrating
t was infected with one or more components of the raspberry

osaic disease (RMD). RMD was first recognized in the 1920’s
nd is likely caused by various combinations of four or more
iruses including Black raspberry necrosis virus, Rubus yellow
et virus, Raspberry leaf mottle virus (RLMV) and Raspberry
eaf spot virus (RLSV) (Converse, 1987b), with the latter two
eing uncharacterized at the molecular level. Double-stranded
NA (dsRNA) was extracted, reverse transcribed, cloned and

equenced, which resulted in the identification of three novel
iruses (Martin and Tzanetakis, 2005). One of the new viruses,
ereafter named Raspberry mottle virus (RMoV), is presented
n this communication.

While the study with isolate GC-8 was in process, unusual

ottling symptoms were observed on plants in a red rasp-

erry plantation in northern Washington. Using the techniques
mployed in the GC-8 virus characterization, we found that
hese plants were also infected with RMoV, evidence of the

mailto:yannis@orst.edu
dx.doi.org/10.1016/j.virusres.2007.03.010
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Table 1
List of the oligonucleotide primers used for detection, amplification of the
genome and genetic variability studies of Raspberry mottle virus

Primer name Nucleotide sequence (5′–3′)

Detection
CPhF CGAAACTTYTACGGGGAAC
CPhR CCTTTGAAYTCTTTAACATCGT
CPF GTAAGGAGATATGGCGGA
CPR CAGTATGGCAGCCTCTTG

Genomic variability
HSPA CTCTACTAACGCGATCTG
HSPB CATAGTACCTTGAGGAGC
CPA ACACCGAAGCTGTTCGTT
CPB AATACACTCAAGCGGAGC

Genome amplification
AP GGCCACGCGTCGACTAGTAC(T)18

AAP GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG
5′ R GTTAGGGTGCAGGGGTTTCA
RC CGGAGGATTTCGGGGTCGGTGGCGA
Beg R GAGGGAATCGGAGAGAGGTGAGAAATC
5′ F TGAAACCCCTGCACCCTAAC
Pol 2500 R GCGAACTTGTGTAGAAGAGCATTC
Pol beg F AGGTTTCGTATTGGGCGCG
Pol mid R GAGACGAGCCCAGAGCAGAGATCGAGAAG
Pol mid F CTTCTCGATCTCTGCTCTGGGCTCGTCTC
Pol end R CGATGAATATAGTGAATTTGACGAC
Pol end F GTCGTCAAATTCACTATATTCATCG
Mid R CAAGAAACTAACATCGACGAAGTGA
Mid F TCACTTCGTCGATGTTAGTTTCTTG
HSP beg R GACGGATGTAGTTTAGCACGG
HSP beg F GTGCTAAACTACATCCGTCT
CPh R GTGAGCGGGAGTGGA
CPh F TGTACTGTTCCGATGAGATCTTC
p20 R ACGAAAGTGCTACCATCAGTAAGGAGG

i
(

2

d
o
C
b
b
t
3
5
7
u
a

2

I.E. Tzanetakis et al. / Vir

istribution of the virus in both North America and Europe.
his finding led to the detailed study of RMoV including the
omplete nucleotide sequence of the GC-8 isolate. Phyloge-
etic analysis showed that the virus is related to members of
he genus Closterovirus, the aphid-borne members of the family
losteroviridae. The variability of the virus was studied using

solates from North America and Europe and oligonucleotide
rimers that can be used for detection of the virus in field grown
lants were developed.

. Materials and methods

.1. Plant material

The GC-8 plant used in the majority of the experiments
escribed was obtained from the Scottish Crops Research
nstitute (SCRI) as breeding material and maintained in an
nsect-proof screenhouse in Corvallis, Ore. A yellow raspberry
reeding accession from the raspberry breeding program in
ashington (WSU-991) was sent to our laboratory for virus

ndexing by Dr. P. Moore (Puyallup, Wash.). This plant caused
ottling symptoms on the indicator ‘Munger’ after grafting. A

lant of ‘Meeker’ grown in northern Washington (WA) exhibit-
ng mottling symptoms was chosen among the many plants with
dentical symptoms for further analysis. Finally, dried tissue
rom RLMV, RLSV and Raspberry vein chlorosis virus (RVCV)-
nfected plants, obtained under permit from SCRI, was assayed
or the presence of the virus to test the possibility that RMoV
s one of the previously described graft-transmissible agents of
ubus (Converse, 1987b).

.2. Host range and transmission studies

Grafting was performed as described previously (Converse,
987a). For mechanical inoculations, young, fully developed
eaves from the GC-8 plant were collected and ground in phos-
hate buffered saline (PBS), pH 7.4, containing 2% nicotine,
t wt/vol ratio of 1:20. Five plants of Chenopodium quinoa,
ucumis sativus, Nicotiana benthamiana, N. occidentalis, N.

abacum and Tetragonia tetragonioides were mechanically inoc-
lated after being dusted with carborundum (600 mesh) to
acilitate entry of the virus into cells. All herbaceous indi-
ator plants were tested by reverse transcription-polymerase
hain reaction (RT-PCR) approximately one month after
noculation.

.3. Nucleic acids isolation

Total RNA was extracted by a combination of the Halgren et
l. (2007) and Rott and Jelkmann (2001) procedures. Briefly, tis-
ue was homogenized and processed through the isopropanaol
recipitation step as described (Halgren et al., 2007). The pre-
ipitated RNA was resuspended in 500 �l of wash buffer and

5 �l of glass milk (Rott and Jelkmann, 2001). The glass milk
as pelleted by pulse centrifugation to 6000 rpm and washed
ith 500 �l of wash buffer. After a brief centrifugation, glass
ilk was dried in a speed vac and the RNA was resuspended

f
t

p20 beg F CTATTTTATCCGTGAAAGTTGCTAC
End F CATGGACATTGAACGAGCGGACCAGC

n 150 �l TE. Double-stranded RNA was extracted as described
Tzanetakis et al., 2005a).

.4. Detection

The reverse transcription reactions was performed as
escribed (Halgren et al., 2007), primed with either random
r specific oligonucleotide primers. Primers CPhF/CPhR and
PF/CPR (Table 1) were developed and used to amplify a 452
ase fragment of the coat protein homolog (CPh) and a 514
ase fragment of the major coat protein (CP) genes, respec-
ively. The PCR program consisted of a denaturation step of
min at 94 ◦C followed by 40 cycles of 30 s at 94 ◦C, 30 s at
5 ◦C and 30 s at 72 ◦C, concluding with a step of 10 min at
2 ◦C, using Taq polymerase (GenScript, NJ) according to man-
facturer’s instructions, and primers at 1 or 0.5 �M each (CPh
nd CP, respectively).

.5. Cloning, sequencing and genome analysis
The complete nucleotide sequence of RMoV was obtained
rom the GC-8 accession and the methodology used was essen-
ially identical to that used for another closterovirus, Mint
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Fig. 1. (A) Symptoms of ‘Munger’ indicators grafted with ‘Glen Clova’ 8 tis-
sue. Arrows point to the necrosis of the apical meristem. (B) Leaf symptoms
of ‘Munger’ indicators grafted with the Raspberry mottle virus ‘WSU 991’ iso-
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irus-1 (Tzanetakis et al., 2005a; Tzanetakis et al., 2005c).
MoV-specific sequences were identified using blastn and
lastx to compare with sequences found in the GenBank
atabases (Altschul et al., 1997). Oligonucleotide primers were
eveloped from the RMoV sequences and used for RT-PCR
mplification of the genome (Table 1). The 5′ and 3′ termini of
he genome were acquired by 5′ and 3′ RACE using primers AAP
nd AP (Table 1; Invitrogen) as described previously (Tzanetakis
nd Martin, 2004). Consensus of the complete genome and all
ther sequences presented were acquired utilizing CAP3 (Huang
nd Madan, 1999) and were built using the clones from shotgun
loning where applicable, at least four clones of the RT-PCR
mplicons and direct sequencing of the RT-PCR products, for
n at least 5× genome coverage. The genome of RMoV has
een deposited in Genbank and given the accession number
Q357218. The genetic diversity of the virus was examined by

equencing the heat shock protein 70 homolog (HSP70h; acces-
ion numbers DQ016611–EF114208) and CP genes (accession
umbers DQ016612–EF114209) of the WA and RLM isolates,
espectively.

The open reading frames (ORF) were identified using the
RF finder software at the National Center for Biotechnol-
gy Information website (http://www.ncbi.nlm.nih.gov/gorf/
orf.html). Conserved protein domains were identified with
DD (Marchler-Bauer et al., 2003) and the exact amino acid (aa)

egions were recognized after alignment of known closteroviral
otifs using ClustalW (Thompson et al., 1994). ClustalW was

lso applied for phylogenetic analysis (neighbor-joining algo-
ithm, Kimura’s correction and bootstrap analysis consisting of
000 pseudoreplicates). Trees were viewed on TreeView (Page,
996). The putative transmembrane domains of the proteins
ere predicted with TMHMM (Krogh et al., 2001) while RNA

econdary structure was predicted using Mfold (Zuker, 2003).

. Results

Severe symptoms developed on ‘Munger’ black raspberry
ndicators about 3 weeks after grafting with GC-8 leaves. Symp-
oms included mottling, severe stunting and apical necrosis
Fig. 1A). Mottling developed on ‘Munger’ after grafting with

SU-991, free of the other viruses found in GC-8 (Fig. 1B)
nd for this reason we propose the name Raspberry mottle
or the new virus. RMoV was not mechanically transmitted
o the range of herbaceous indicators used. Multiple dsRNA
ands were obtained from GC-8 and WSU-991, unlike healthy
Munger’ seedlings where no dsRNA was obtained (data not
hown). The pattern of the dsRNA was similar to that obtained
rom closteroviruses (Tzanetakis et al., 2005b; Tzanetakis et
l., 2005c), with a high MW band of about 17 kilobases, and
everal lower MW bands, with a prominent 1.2 kilobase band,
robably corresponding to virus subgenomic or defective RNAs
Fig. 2). The dsRNA was used as a template for cloning, and
bout 11 kilobases of the RMoV genome were obtained using the

hotgun approach as determined by comparison to closterovirus
equences found in GenBank (Altschul et al., 1997).

The complete nucleotide sequence of the GC-8 isolate of
MoV has been determined and consists of 17,481 nucleotides

N
m
b
a

ate. Left: Leaf from grafted plant showing mottling symptoms; right: leaf from
Munger’ seedling.

nt) (G + C content: 47.5%) encoding 10 putative ORFs (Fig. 3).
he first AUG codon of the GC-8 isolate is found between
t 340–342. The 1a polyprotein is 2819 aa and approximately
13 kDa.

The N′ terminus of 1a protein contains motifs of papain-
ike proteases. Sequence comparisons indicated that there are
robably two papain-like leader proteases (L1-Pro and L2-Pro,
espectively), similar to those of Strawberry chlorotic fleck
ssociated virus (SCFaV) (Tzanetakis and Martin, 2007), Cit-
us tristeza virus (CTV) (Karasev et al., 1995) and Grapevine
eafroll associated virus-2 (Meng et al., 2005). The two domains
re 477 and 214 aa, respectively, and both cleavage sites are pre-
icted to be between Gly residues. The conserved His and Cys
esidues of the closterovirus proteases (Peng et al., 2001) are
ound in positions 399, 460 for L1-Pro and 129, 191 for L2-Pro,
espectively. The autocleavage of the two proteases releases a
36 kDa protein with signature methyltransferase motifs at the
-terminus and RNA helicase motifs at the C-terminus. The

ethyltransferase motifs (Rozanov et al., 1992) are predicted

etween residues 776 and 1072 of 1a while the helicase motifs
re found between 2429 and 2698 (Candresse et al., 1990).

http://www.ncbi.nlm.nih.gov/gorf/gorf.html


I.E. Tzanetakis et al. / Virus Re

Fig. 2. Double-stranded RNA (dsRNA) extracted from Raspberry mottle virus
(RMoV) infected material. Left: dsRNA obtained from of RMoV infected plant,
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ree of known Rubus viruses. Arrowheads point to a predominant 1.2 kilobases
nd a ∼ 17 kilobases band; right: dsRNA pattern of Beet yellows virus used as
tandard.

oth domains show greater similarity to orthologous domains
f SCFaV with 52 and 58% aa identity for the methyltrans-
erase and helicase domains, respectively. The region between
he methyltransferase and helicase contains four putative trans-

embrane domains (aa 1789–1812, 1824–1846, 1856–1878,
050–2072; Krogh et al., 2001). The virus RNA dependent
NA polymerase (RdRp, 1b) is probably expressed by a + 1

ibosomal frameshift, as is the case with other members of the

amily (Martelli et al., 2002) although the surrounding region
oes not have any slippery sequences nor structures that could
acilitate the frameshift (Zuker, 2003). It is possible that the
rameshift is facilitated by a newly identified antisense mecha-
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ig. 3. Schematic representation of the genome organization of Raspberry mottle viru
ike protease 2; MT: methyltransferase; Hel: helicase; Pol: RNA-dependent RNA poly
Pm: minor coat protein; CP: major coat protein. Dashed bars represent regions o

epresent the reverse transcription-polymerase chain reaction products used to acquire
ot to scale.
search 127 (2007) 26–33 29

ism (Henderson et al., 2006). The 54 kDa polymerase domain
s 467 aa and has the eight conserved motifs of the RNA depen-
ent RNA polymerases identified by Koonin (1991) between
esidues 108 and 346. The region shows the highest aa identity
ith orthologous domains of other members of the Closterovirus
enus, exceeding 67% identity with all sequenced members of
he group and reaching almost 80% for some isolates of CTV.
here is a 645 nt intergenic region between the RdRp and a
mall ORF (ORF 2), which is located between nt 10846–11031
ncoding a 7 kDa protein. This 7 kDa protein contains a trans-
embrane domain between residues 31 and 53 (Krogh et al.,

001). A similar ORF (ORF 3) is found between nt 11082–11237
ncoding a 6 kDa hydrophobic protein with a transmembrane
omain found between residues 11 and 33. A Cys in position
indicates that the peptide probably has a similar function to

he small hydrophobic peptide of Beet yellows virus (BYV).
YV p6 is one of the five proteins involved in virus movement.
he Cys at position 3 is involved in disulfide bridge formation
nd dimerization of the protein, a property essential in virus
ovement (Peremyslov et al., 2004). ORF 4 (nt 11244–13043)

ncodes the HSP70h of the virus, the hallmark gene of all clos-
eroviruses. The 65 kDa protein is involved in virus movement
nd virion assembly (Dolja et al., 2006) and has the five con-
erved ATPase motifs of HSP70s between residues 3 and 336
Bork et al., 1992) probably involved in virus movement. The
MoV HSP70h is related most closely to the orthologous gene
f SCFaV with more than 50% aa sequence identity. ORF 5
nt 12943–14478) encodes a putative 58 kDa protein. Sequence
nalysis indicated the protein is similar to closterovirus CPh
Napuli et al., 2003), another of the movement proteins of the
irus (Dolja et al., 2006). The protein has about 40% aa sequence
dentity with the orthologous proteins of CTV and SCFaV. The
onserved Arg and Asp residues involved in stabilization of the
irion structure (Dolja et al., 1991; Jagadish et al., 1993) are
ound in positions 412 and 451, respectively. ORF 6 and 7 (nt
4555–15247 and 15372–15968) encode the two coat proteins
f the virus: the 25 kDa minor coat protein (CPm) and the 22 kDa

P, respectively. The proteins encapsidate the genome and are
lso involved in virus movement (Dolja et al., 2006). The pro-
eins are most closely related to orthologous proteins of CTV
ith about 40% aa sequence identity residues. The conserved

s. Abbreviations: L1-Pro: leader papain-like protease 1; L2-Pro: leader papain-
merase; HSP70h: heat shock protein 70 homolog; CPh: coat protein homolog;

f the virus acquired by shotgun cloning of double-stranded RNA. Solid bars
the genome of the virus. Primers are listed in table 1. Open reading frames are
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Fig. 4. (A) Phylogram of the polymerase conserved motifs of Raspberry
mottle virus (RMoV) and other closteroviruses. Abbreviations and GenBank
accession numbers: BPYV, Beet pseudo yellows virus, NP940796; BYV, Beet
yellows virus, NP733949; BYSV, Beet yellow stunt virus, AAC55659; BYVaV,
Blackberry yellow vein associated virus, AAV40963; CTV, Citrus tristeza virus,
NP733947; CMV, Cucumber mosaic virus, NP049324; CYSDV, Cucurbit
yellow stunting disorder virus, AAM73639; GLRaV 1, Grapevine leafroll
associated virus 1, AAF22738; GLRaV 2, Grapevine leafroll associated virus
2, AAC40856; GLRaV 3, Grapevine leafroll associated virus 3, AAC40705;
LIYV, Lettuce infectious yellows virus, AAA61798; Little cherry virus
1, NP733945; LChV 2, Little cherry virus 2, AAP87784; MVBaV, Mint
vein banding associated virus, AAS57939; MV 1, Mint virus 1, AAW32893;
PMWaV 1, Pineapple mealybug wilt associated virus 1, AAL66709; PMWaV 2,
Pineapple mealybug wilt associated virus 2, AAG13939; PYVV, Potato yellow
vein virus, CAD89680; RMoV, Raspberry mottle virus, DQ357218; SCFaV,
Strawberry chlorotic fleck associated virus, DQ860839; SPaV, Strawberry
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rg and Asp residues are found in positions 142 and 183 for
he CPm and 111 and 153 for the CP. ORF 8 (nt 16026–16556)
ncodes a putative 20 kDa protein. BLAST searches failed to
eveal any similarity of the protein with other plant virus pro-
eins and its function remains unknown. The final ORF (nt
6628–17248) encodes a 23 kDa protein, an ortholog of an RNA
ilencing suppressor of BYV (Reed et al., 2003; Lu et al., 2004).
his putative protein of RMoV contains the motif identified pre-
iously at the C′ terminus in orthologous proteins (Tzanetakis
t al., 2005c). The protein has about 25% aa sequence identity
ith the orthologous protein of CTV and SCFaV.
The 3′ terminus is 233 nt and contains an adenosine rich

egion near the end, also found in other members of the family
Tzanetakis et al., 2005c), with unrecognized function. Sequence
nd secondary structure analysis failed to identify any sequences
hat could facilitate a pseudoknot formation similar to those
redicted in Potato yellow vein virus and SCFaV.

Phylogenetic analysis using two regions of the closteroviral
enome, the polymerase and the HSP70h, reveals clustering of
MoV with members of the Closterovirus genus as predicted

rom sequence analysis (Fig. 4)
A primer set developed against the HSP70h of GC-8 isolate

ailed to detect the virus in any of WA plants that exhibited leaf
ottling. These plants were tested for Raspberry bushy dwarf

irus, Black raspberry necrosis virus, Strawberry necrotic shock
irus and Blackberry yellow vein associated virus (BYVaV) but
on of these viruses was consistently found in these plants indi-
ating the symptoms were caused by a combination of viruses or
novel agent. DsRNA was extracted and cloned as described for
C-8 from a WA plant that exhibited leaf mottling and a portion
f the HSP70h gene was obtained. The nt sequence identity of
n approximate 500 base region of the gene from the GC-8 and
A plants was only 79%, while the aa identity exceeded 90%

ndicating that these plants were infected with RMoV.
In order to study the sequence diversity observed in portions

f the HSP70h and develop optimal detection protocols, the
SP70h and the CP from the WA and the RLM isolates were
btained. The WA HSP70h is 598 aa, in contrast to the 599 aa
f the GC-8 isolate. The open reading frame (ORF) has 79%
t identity between isolates, while they share 92 and 96% aa

equence identity and similarity, respectively. The CP ORF is
98 aa with over 97% nt and 98% aa sequence identity between
solates. In contrast the two genes of RLM show great similar-

allidosis associated virus, AY488137; SPCSV, Sweet potato chlorotic stunt
irus, NP733939; ToCV, Tomato chlorosis virus, AAY21795. CMV is used
s the outgroup. (B) Phylogram of heat shock protein 70 homolog of RMoV
nd other closteroviruses. GenBank accession numbers: Arabidopsis, Arabidop-
is thaliana putative heat shock protein 70, AAN71949; BPYV, AAQ97386;
YSV, AAC55662; BYV, NP041872; BYVaV, AAV40966; CTV, NP042864;
YSDV, NP851572; GLRaV 1, AAF22740; GLRaV 2, AAR21242; GLRaV
, NP813799; LIYV, NP619695; LChV 1, NP045004; LChV 2, AF531505;
VBaV, AAS57941; MV 1, AAW32895; PMWaV 1, AAL66711; PMWaV 2,
AG13941; PYVV, CAD89682; RMoV, DQ357218; SCFaV, DQ860839, SPaV,
AO92347; SPCSV, NP689401; ToCV, AF024630. The Arabidopsis protein is
sed as the outgroup. Bootstrap values are shown as percentage value and only
he nodes over 70% are labeled. The bars represent 0.1 amino acid changes per
ite.
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Fig. 5. Detection of Raspberry mottle virus (RMoV) using reverse transcription-polymerase chain reaction. (A) Amplification of a 452 base region of the coat protein
homolog gene. Lane 1: 100 base pair marker; lanes 2–4: RMoV infected red raspberry from Scotland, red raspberry from Washington, and yellow raspberry from
W (B) A
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ashington, respectively; lane 5–6: healthy red and black raspberry seedlings.
ase pair marker; lanes 2–4: RMoV infected red raspberry from Scotland, red ra
–6: healthy red and black raspberry seedlings.

ty to the GC-8 isolate with 97% nt sequence identity for the
SP70h and 96% for the CP. The aa sequences are 97 and 99%

dentical to the orthologous genes of GC-8. Shotgun cloning
rom dsRNA obtained from the WSU-991 isolate showed that
he two isolates share 97–98% nucleotide identity in regions
f 1a, the HSP70h and the CP (Tzanetakis, unpublished data),
uggesting that the two isolates are very similar.

Because of the problems with detection of the WA isolate,
everal sets of oligonucleotide primers were tested for detection
f RMoV. The sets presented were the two that detected all
ix isolates (GC-8, WSU-991, WA, RLM, RLS and RVC) in
ddition to isolates from black and red raspberry from the Pacific
orthwest (data not shown). Validation of the tests was done by

equencing at least five of the amplicons from each primer set.
hey were all determined to be RMoV-specific.

More than 20 plants from northern Washington with symp-
oms similar to that of the WA isolate were assayed for the
resence of RMoV with both detection primer sets. While the
ajority were found infected with RMoV, some were not found

nfected with the virus.

. Discussion

Graft-transmissible agents have been associated with RMD
or more than 50 years, but only two of them are character-
zed at the molecular level (Jones et al., 2002; Halgren et al.,
007). Grafting of GC-8 onto indicators caused symptoms typi-
al of RMD and this prompted us to identify which of the RMD
gents were infecting this plant. Three new viruses were identi-
ed (Martin and Tzanetakis, 2005), indicating that RMD may be
aused by previously unrecognized viruses or a complex of the
ew and the old viruses. This communication focuses on one
f the viruses, a novel member of the Closteroviridae named
MoV.

The close relationship of the virus with members of the

losterovirus genus, the only members of the family that are
otentially mechanically transmitted (Martelli et al., 2002), led
o the investigation of that property. RMoV was not found to be

echanically transmitted to the range of herbaceous indicators

u
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mplification of a 514 base region of the major coat protein gene. Lane 1: 100
ry from Washington, and yellow raspberry from Washington, respectively; lane

sed. This could be a property of the virus or a combination of
he inefficient mechanical transmission of most closteroviruses
ith the inhibitors found in Rubus and related species (Fulton,
966).

The low titer of closteroviruses (Liu et al., 2000; El Beaino
t al., 2005; Tzanetakis et al., 2005c) makes detection a chal-
enging undertaking. Because of that property, RT-PCR is the
referred detection method for closteroviruses. The disadvan-
age of the method is the potential of false negatives because of

ismatches between primers and template that can occur in iso-
ates as diverse as those found with RMoV. In order to minimize
hat possibility, two sets of primers for two genomic regions of
he virus were developed for routine detection (Fig. 5).

The diversity of closteroviruses is well established (Karasev,
000; D’Urso et al., 2003). The extreme nt diversity of the
SP70h ORF for isolates of the same species, has also been

ound in other closteroviruses (Tairo et al., 2005; Ruiz-Ruiz et
l., 2006). The contrast between the diverse HSP70h ORF (79%
t identity) to the very similar CP ORF (97% nt identity) is a fea-
ure found in other closteroviruses and especially CTV, where
equence diversity between isolates decreases from the 5′ to 3′
nd of the genome (Mawassi et al., 1996). The different size of
he HSP70h is unusual, although there are reports of ORFs of
onsiderably different sizes in closteroviruses (Tzanetakis and
artin, 2004). The consensus sequence of the terminal region

f RMoV HSP70h was obtained after alignment of six clones of
he PCR products, all of which were identical.

An interesting feature of the GC-8 isolate was observed when
rying to obtain the 5′ terminal sequence using dsRNA as tem-
late. In the first 300 nucleotides of the genome there were two
aps that resulted in about 70 nt missing compared to the homol-
gous region of the WSU-991 and the RLM isolates (accession
umbers EF421975-EF421976, respectively).

This region of the GC-8 isolate was sequenced at least 15
imes, from clones of PCR amplicons derived from three individ-

al RT and four PCR reactions. In all cases the gaps were present.
he region is not highly structured (Zuker, 2003), nor GC rich

G + C content: 47.5%). We used methyl mercury hydroxide in
he denaturation step of the dsRNA and the RT was performed at
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0 ◦C, minimizing the possibility of the gap regions being inac-
essible during the RT reaction. With the gaps the first AUG
f the genome was at position 1314. A 5′ UTR of that size
n unprecedented and would give no obvious advantage to the
irus. We tried to obtain the region using single-stranded RNA
s template and the gaps in the sequence were absent placing the
tart codon of 1a at position 340–342. This finding is perplexing,
ut highlights the importance of closely examining anomalies
bserved in sequences of new viruses to ensure they are not the
esult of difficulties with template.

The presence of two small hydrophobic proteins in the
enome of RMoV and the area of about 650 nt between the
olymerase and p7 may provide significant insight in the evo-
ution of the Closteroviridae. The transmembrane domain of p7
hows 37% similarity to the transmembrane domains of CTV
33 and SCFaV p28, indicating a possible distant relationships
etween the proteins. The large non-coding region between the
olymerase and p7 may be the remains of a larger gene that was
ound in that position that was abolished recently or gave rise
o p7. This hypothesis is reinforced by the fact that the region
acks a start codon and has a single stop codon in one of the
eading frames. Che et al. (2003) found that a class of defective
NAs of CTV are similar to the genomic RNAs of criniviruses.
ll sequenced members of the Crinivirus genus have a small
ydrophobic protein at the end of RNA 1 and beginning of RNA
with the exception of BYVaV that has the two small hydropho-
ic proteins at the beginning of RNA 2 (Tzanetakis et al., 2006)
nd Lettuce infectious yellows virus that lacks the first protein
Klaassen et al., 1995). The data presented here together with
he findings on the defective RNAs of CTV (Che et al., 2003),
nd a monopartite closterovirus (Mint vein banding associated
irus, Tzanetakis et al., 2005b) that shares similarities with all
enera of the family, strengthens the argument that criniviruses
volved from a monopartite virus similar to members of the
losterovirus genus.

The northern Washington plants with mottling symptoms
ere not universally infected with RMoV, which suggests that
MoV is not the sole causal agent of the symptomatology but it

nduces symptoms when found in association with other agents.
MoV is probably widespread, as it was identified in plants

rom both Europe and the United States. The diversity between
he GC-8 and WA isolates is not indicative of strain distribution
ue to geographic isolation, since WSU-991 was closely related
o GC-8 even though it originated in an area proximal to that
f the WA isolate. The variability may be the result of genetic
ottlenecks caused by vector transmissions or host passages,
imilar to what has been observed for CTV (Ayllon et al., 2006;
entandreu et al., 2006).

At this time it can not be ruled out that RMoV is the causal
gent of one of the graft-transmissable diseases described for
ubus spp., although RMoV symptoms on grafted indicators do
ot correlate with those described for the graft-transmissable
iseases of Rubus spp. (Converse, 1987b). The plants that are

nfected with the reference isolates of RLMV, RLSV and RVCV
rom SCRI were infected with RMoV, making even more com-
lex the correlation of symptoms observed in these plants and
he agents present. Our observations suggest that several of the
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ymptoms described for many of the small fruit viruses and
ttributed to severe strains of known viruses probably result
rom mixed infections of known and unknown viruses. RMoV
ay be part of a complex of viruses that cause the symptoms

escribed and associated with one or several of the Rubus graft-
ransmissible diseases.
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